We measured the second-harmonic signal generated by high-quality zinc oxide single crystals. Comparing this signal with that generated by single-crystal quartz, used as a standard, we found that the components of the second-order susceptibility tensor differ somewhat from the values reported earlier.
Introduction
As a wide-bandgap semiconductor, with potential applications in both semiconductor and optical industries, zinc oxide ͑ZnO͒ is of considerable interest. [1] [2] [3] The nonlinear optical properties of ZnO are especially important. 4 However, measurements of the secondorder susceptibility tensor 7(2) of ZnO were performed more than 30 years ago. [5] [6] [7] To complement ongoing studies of second-harmonic ͑SH͒ generation in ZnO thin films, we remeasured the 7(2) tensor in bulk ZnO and obtained values that differ somewhat from the earlier results.
The second-order susceptibility of a single crystal can be expressed as 8
where
is the phase angle, P 2 and P are the intensities, t 1 and t 2 are the fundamental and SH Fresnel transmission coefficients ͑for the air-crystal and crystalair interfaces͒, and angle 2 is given by Snell's law, sin ϭ n sin ϭ n 2 sin 2 . The effective susceptibility d eff can be calculated from these two independent components of 7(2) and the incident angle. 9 In the Kleinman approximation the second-order susceptibility tensor of hexagonal ZnO can be described by two independent components 31 ͑2͒ and 33
͑2͒
. Measurements were performed on two ZnO platelets, one with the ͓0001͔ and the other with the ͓101 0͔ axis perpendicular to the plane of the platelet.
For the ͓0001͔ platelet, A schematic of our measurement apparatus is shown in Fig. 2 , where we used two polarizers ͑rep-resented by P͒ and a half-wave plate ͑represented by ͞2͒ to adjust the incident intensity. We used another half-wave plate in front of the sample to adjust the polarization of the fundamental beam. Two filters were used to eliminate the fundamental frequency in the signal branch and the reference branch, respectively. We used a 1.064-m beam that was generated by a Nd:YAG laser. The SH signal was measured with a photomultiplier tube and compared with a SH reference beam that was generated by a quartz plate.
By measuring the ratio of the signal from the sample to that from the quartz, we eliminate the effects of fluctuations in the laser output. Substituting a second piece of ␣ quartz for the ZnO, we can calibrate the ͑2͒ of ZnO by using 7 xxx ͑quartz͒ ͑2͒ ϭ 0.8 pm͞V.
Experimental Results
As noted above, we studied a ͓0001͔ and a ͓101 0͔ ZnO single-crystal platelet. The crystals were grown by the Eagle Pitcher Company and were clear, faceted, and free from defects under visual observation. We determined the second-order susceptibility by measuring the angular-dependent SH signal by using the setup described above. The data together with a fit to Eq. ͑1͒ are shown in Figs. 3 The ͓101 0͔ platelet gives 33 ͑2͒ ϭ Ϫ14.77 Ϯ 0.4 pm͞V, and the ratio 31
͑2͒
͞ 33 ͑2͒ ϭ Ϫ0.095. To verify the ratio that we obtained from the curve fitting, we measured the angular dependence of the p component of the SH generation intensity arising from an s-polarized incident fundamental. In this case, we can eliminate the effect of 33
. This geometry yields 31 ͑2͒ ϭ 1.41 pm͞V, which matches our result for the ratio 31 ϭ Ϫ0.095. The behavior as a function of polarization angle is consistent with these values, as is shown in Fig. 5 .
Conclusion
The second-order susceptibility tensor has been remeasured, and the 33 ͑2͒ component is somewhat larger than was reported earlier, whereas the 31 ͑2͒ component is given by 1.36 pm͞V, which is much smaller than the value reported earlier.
